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FLIGHT MEAS'UEEMENTS OF HELICOPTER BLADE MOTION 


WITH A COMPARISON BETWEEN THEORETICAL 
AND . EXPESBiETf AL RESULTS 
By Carry C. Myers, Jr. 


SUMMARY 


In order to provide basic data on helicopter rotor-blade 
motion, photographic records of the behavior of a blade in flight 
wore obtained with a conventional single-rotor helicopter. The 
results of measurements of flapping motion, in-plano motion, and 
blade distortions arc presented for selected conditions of flight 
at tip-speed ratios ranging from 0 .12 to 0.25- The flapping and 
in- plane measurements were reduced to Fourier series coefficients 
and are presented in tabular form. Values of measured flapping 
motion were compared with theoretically calculated values, and 
agroement was found to be good enough to render the theory useful, 
within the range of conditions tested, in such problems as 
estimation of control displacement for trim and static- stability 
determination and in the design of the rotor hub. The largest 
deviations between predicted and measured flapping motion were 
noted In the rather limited climb conditions tested and further 
examination of this deviation appears desirable. 

Periodic in-plane motion due to air forces was shown to be 
small, having an amplitude of about 1° at a tip- speed ratio of 
0-25* This fact simplifies the design problem involved in 
minimizing damper loads. The mean drag angle is found to be 
proportional (within 13 percent) to the rotor torque divided by 
the square of the rotational speed over a vide range of flight 
conditions, which suggests the U3e of the drag angle in devising 
a simple service torquemeter for the helicopter. The agreement 
between measured and predicted drag angles is considered adequate 
to warrant confidence in the predicted values in designing the 
rotor hub. 

Plots of blade twisting and blade bending in tho plane of 
flapping are presented for a sample case. The outer quarter of 
the blade was concave downward during most of or all of each 
revolution for every condition examined, which indicates the need 
for including tip-loss factors in blade-stress calculations. 
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INTRODUCTION 


The ability to predict the notion of the blades of a flapping 
rotor is of fundamental importance in the solution of many rotary- 
wing problems. Inf oi mauion on blade -flapping motion is, for 
example, an important step in studies cf rotor stability, since 
the orientation of the rotor disk must be known with respect to 
known axes. Tor the same reason, an understanding of the flapping 
motion provides a basis for the prediction of required control 
displacements for trim. A knowledge of in-plane motion and blade 
distortions is essential to studies of blade stresses end rotor 
vibration. Ability to predict blade motion is also necessary for 
the rational design of the rotor hub, specifically the stop settings 
and bearing positions . 

Al trough much experimental and theoretical blade-motion data 
are available for autogiros, little data have been published for 
the power-on helicopter condition. Blade-motion theory as presented 
in reference 1 is equally applicable to power-on and autorotative 
flight conditions but, because of the difference in the direction 
of flow through the disk and the accompanying changes in distribu- 
tion of applied forces, use of correction factors fer the helicopter 
condition as determined from comparisons of theoretical and 
experimental autogiro data is questionable. In view of these 
facts, a test program was started to obtain data on helicopter 
blade motion. The present paper gives results obtained in selected 
conditions of flight. The tests were conducted in the Flight 
Research Division of the Langley Memorial Aeronautical Laboratory. 

Measurements of flapping and in-plane motion in . bums of 
Four’ier series coefficients obtained by harmonic analysis are 
presented herein along with sample blade- twist and bending measure- 
ments. The measured flapping values are used as an experimental 
check on rotor theory in order to determine the usefulness of the 
theory for various applications. By establishing the degree of 
agreement between theoretical and experimental data, the experimental 
data not only indicate the accuracy with which theory may be used 
for flapping predictions but also aid in checking the adequacy of 
some of the assumptions used in all phases of rotor theory. The 
magnitudes and trends of the higher harmonics of flapping and the 
pei’iodic in-plane motion arc studied as a source of rotor vibration. 
Measurements of blade twisting and bending are examined with a 
view to aiding in the determination of some of the factors affecting 
the disposition of forces on the rotor blade in flight. 

Although by no means exhaustive, the data presented are felt 
to be of great fundamental value in defining the actual nature of 
helicopter blade motion. 
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DEFINITIONS AND SYMBOLS 


The terms "feathering” and "cyclic-pitch variation" as used 
herein refer to the variation of rotor-blade pitch angle with 
"blade azimuth position. 

The "axis of no feathering" is the axis about which there 
is no first-harmonic feathering or cyclic -pi. tch variation. (See 
the appendix for a detailed explanation of the use of this axis.) 

\)r blade azimuth angle measured from down-wind position in the 
direction of rotation 

p s observed bla.de flapping angle; angle between the blade and the 
plane perpendicular to the rotor- shaft axis expressed as 
a function of azimuth angle \|f by the Fourier series 

3 a = &q 3 - a-j^ cos \[f - b^ sin \{r - a^ cos - bg 3 sin . . 

(3 blade flapping angle; angle between blade and the plane 

perpendicular to the axis of no feathering expressed as 
a function of azimuth angle by the Fourier series 

(3 3q - ap cos ^ - b^ sin - a 2 cos 2ty - b 0 sin 2ty . . . 

0 5 instantaneous blade pitch angle at the 0 .75 radiu3 measured. 

with respect to the plane perpeniicular to the rotor- 
shaft axis expressed as a function of the azimuth angle 
\|f by the Fourier series 

= Aa - A-i cos \lr - Bi sin \[f - A 0 cos 2\|f - Bo sin 2t . . 
3 u 3 x 3 x s “-s 

6 instantaneous blade pitch angle at the 0-75 radius measured 

with respect to the axis of no feathering expressed as a 
function cf the azimuth angle \|f by the Fourier series 


6 = Aq - A 2 COS 2ty - Bgsin 2if . . . 

£ blade drag angle; angle between blade and a line drawn 

through the center of rotation and drag hinge (vertical 
pin), positive in the direction of rotation, expressed 
as a function of azimuth angle by the Fourier series 

£ ss [q + Ep cosiif + F-^ sin i|f + Eg cos 2t + Fg sin 2\|f . . . 
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true airspeed of helicopter, miles per hour 


tip-speed ratio ( / "^- 2 oa 

\ m J 


tip-speed ratio 


c 


; ) 



inflow ratio 


induced velocity at the rotor 

rotor angle of attack; angle "between the projection of the 
axis of no feathering in the plane of symmetry and a line 
perpendicular to the flight path, positive when axis is 
pointing rearward, degrees 

fuselage angle of attack; angle "between relative wind and a 
line in the plane of symmetry and perpendicular to the 
main- rotor- shaft axis, degrees 


rotor lift, pounds 

mass density of air, slugs per cubic foot 
rotor angular velocity, radians per second 
rotor-'olado radius, feet 

shaft power drag-lift ratio; ratio of drag equivalent of 
main- rotor- shaft power absorbed at a given airspeed to 


thrust c oef f ic i eat 



rotor thrust, pounds (assumed equal to L/cos a) 


rotor lift (Qfl/'TL) 
shaft torque, pcund-feet 



local chord, feet 


radius to "blade element, feet 
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c e paE 


ratio of air forces 


7 mass constant of rotor blado 
to centrifugal forces 

b number of blades 

mass moment of inertia of rotor blade about flapping hinge 

a slope of lift coefficient against section angle of attack, 
per radian (assumed equal to “5.73 in present paper) 

B tip-loss factor (taken as 0.97 in present paper) 

Subscript : 

s referred to rotor- shaft axis 


APPARATUS AND METHODS 


The helicopter used in the present tests was the Sikorsky HNS-1 
(Army YR-te) equipped with the original production rotor blades. 

The blade plan foim, pertinent dimensions, and mass characteristics 
are presented in figure 1. The instrument installation was that 
described in detail in reference 2 in addition to a 3‘5-millimeter 
mot ion- picture camera mounted rigidly on the rotor hub and pointed 
out along one blade as shown in figure 2. 

The blade was marked in such a way as to identify the 0-75 radius 
and several other spanwise stations. Targets were mounted ahead of 
and behind the blade at the 0.75 radius to permit pitch-angle 
measurements . 

Typical photographs obtained in flight are shown as figure 3- 
Blade motion was determined by observing the manner in which the 
blade moved in the field of the camera which was fixed relative to 
the rotor shaft. This motion was interpreted in terms of angles 
and deflections from similar photographs taken on the ground with 
the blade kept straight by means of a beam and wedges and held at 
known positions in space. The flapping and in- plane motion of the 
blade was defined as the motion of a line connecting the blade 
root and 0.75 radius. 

The azimuth positions of the camera and blade were determined 
by using the tail rotor as a fixed referonce. Orientation in 
azimuth of camera frames between those in which the tail rotor 
appeared was determined by assuming constant rotor- shaft and camera- 
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film speeds over the interval. Frames were oriented in azimuth 
to a precision of ±2°. 

Flight tests consisted of a series of level-flight runs and 
some sample glides end climbs. The level-flight runs covered an 
airspeed range from 43 to 73 miles per hour at fixed rotational 
speeds and covered three rotational speeds at each end of the 
forward- speed range. Simultaneous records were taken with the 
camera and with the recording instruments used for recording the 
flight conditions. 

A sample of the data obtained from the camera records is 
given in figure 4, which shews results from a typical test 
consisting of about 200 blade positions and covering about 
20 revolutions. Reading accuracy for the flapping, in-plane, 
and pitch angles was within f 0 . 1° and for the tip deflections, 
within iO.l inch. The consistency of the test points in forming 
a single curve for the bending measurements suggests that the 
scatter evident in the flapping and pitch measurements may be 
due chiefly to the failure of the rotor blade to retrace its 
path in successive revolutions > The camera may be considered 
rigidly supported insofar as flapping, bending, and pitch measure- 
ments are concerned. 'In the in-plane direction, however, play in 
the crown -housing attachment permitted the camera to be rotated 
as much as t 0 .4° . Tne control -linkage and blade pitching -moment 
characteristics provide a moment which tends to hold the crown- 
housing at one end of its free travel, and the small scatter in 
individual runs and in cross-plots of coefficients indicate that 
the play was suppressed. Thi3 possible source of inaccuracy, 
however, should be kept in mind in interpreting the dragging- 
motion measurements . 


RESULTS AND DISCUSSION 


For discussion and analysis of the test results, the subject 
can be divided into three parts : flapping motion, in-plane 

motion, and blade distortions. 


Flapping Motion 

The flapping and feathering data obtained in flight are 
summarized in table I. Value 3 are given that determine the flight 
condition, the measured flapping motion (that is, the flapping 
motion of the blade with respect to the shaft), and the measured 
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feathering motion (that is, the cyclic-pitch variation with respect 
to the shaft, du9 primarily zo the control setting) . The measured 
flapping and feathering values are presented in terms of Fourier 
series coefficients obtained by harmonic analysis of the flapping 
and pitch- angle data. 

Reduction of dat a to p ure fl apping system.- In order to 
compare the measured flapping motions with tneoretical predictions, 
the actual flapping-feathering system was reduced to an equivalent 
pure flapping system. Flapping was referred to an axis about 
which there was no first-harmonic cyclic -pitch variation, which 
has been defined as the axis of no feathering. The simple con- 
versions of measured flapping and feathe? ing coefficients to the 
flapping coefficients referred to the axis of no feathering are 
given in the appendix. The flapping coefficients referred to the 
axis of no feathering are given in table I. 

Theor etical calculation s.- Flapping coefficients were calculated 
using -che performance charts of reference 3 in conjunction with the 
thrust and flapping-motion equations of reference 1. Calculations 
were mad© using experimental values of the performance parameters 
Cq-/ o , u, and P/L. Since the theoretical expressions for the 

flapping coefficients are given in reference 1 in terms of the 
variables X, 0, and u, it was first necessary to determine X 
and 0 for the given conditions. The variable 0 was determined 
from the cherts of reference 3 which define 0 for given values 
of P/L, u, and C< jr/a and for a fixed profile-drag polar. With 
the value of 0 known, X. was obtained from equation (6) of 
reference 1 which relates C.y/cr , X, 0, and p. 

Calculations for level flight were made for three groups of C T 
corresponding to the three rotational speeds for which data were 
obtained in flight. For each vaiue of Cm, the variation of P/L 
with p was obtained by fairing through the experimental values 
with a theoretical variation of p/L with g used as a guide. 

For the glide and climb conditions, theoretical values of the 
flapping coefficients were calculated for the actual flight con- 
ditions measured in each case. 

Significance of Fourier series coefficients .- For the purpose 
of analysis, the flapping motion is examined in terms of the 
coefficients of the following Fourier series: 

0 - cos - b-^ sin \|/ - ag cos 2ty - bg sin . . . 

Physically, these coefficients represent the amplitudes of the 
sinusoidal motions which, when added, will produce the actual 
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flapping motion. The coefficient ag, for example, represents 
the steady coning angle. The coefficient eq represents the 
amplitude of rearward tilt of the disk with respect to the axis 
of no feathering, and bq represents the degree to which the disk 
is tilted laterally toward the advancing side. The higher 
harmonics, a 2 , ho, a.,, and so forth determine the departure 
of the three-quarter-radius station from a plane. Although 
these higher-harmonic coefficients are quite small, they are 
significant in studios of rotor vibration. 

Co mparison of the or etical result s with experimental results 
for lev el flight .- The flight values of tho flapping coefficients 
and pitch angle for the level-flight conditions are compared with 
theory in figure 5. The measured coefficients for each of the 
groups of Cq- were adjusted to mean values (Cp = 0.00H6, 0.0055, 
and 0 .0063) using an increment based on the calculated variation 
of flapping coefficient with Cip. Although the adjustments were 
small and did not alter the results materially, they did reduce 
the scatter in the data in every case . 

In figure 5(a) measured and calculated coning angles ar9 seen 
to be in good agreement; ag was underestimated by less than l/2°. 
The theory is thus seen to predict closely the average radial 
cent9r-of -pressure position. The variations of the ccrting angle 
with u and Cq-, are quite well predicted except for the higher 
values. In this connection, the observations of stalling on the 
retreating blade are pertinent. Yarious degrees of tip stalling 
were observed at higher speeds and high thrust coefficients, and 
at the highest measured value of u (0.25), the tip of the blade 
was stalled for approximately cne-fourth of each revolution. 
Stalling measurements for these speeds and thrust coefficients 
are presented and discussed in reference A. The test point 
for u =» 0.25 represents a condition of severe stall. A definite 
decrease in coning angle, as compared with the trend of the rest 
of the data, is shown in the figure for this condition. This 
decrease is presumably du9 to the loss of lift on the retreating 
tip resulting from stall. 

In figure 5(b), the longitudinal flapping coefficient a^ is 
also seen to bo ■underestimated; the disagreement becomes larger at 
the higher values of u and Cy . This increase in disagreement 
with increasing values of u and Cqj might be accounted for by 
the increasing region of angles of attack on the retreating side 
that fall above the linear portion of the lift curve . ^ T ith the 
exception of the condition for severe stalling, the predicted and 
measured values differ by less than 1°. 
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The lateral flapping coefficient 'o- L in figure 5(c) Is 
underestimated, as might be expected since no account is taken 
in the calculations of tho aonuniformity of inflow over the disk 
in the direction of flight. If a linear variation of inflow is 
assumed instead of uniform inflow, agreement is considerably 
improved . The curve in figure 5(c) for linearly varying inflov was 
calculated using the following equation (reference 5): 


Ao 1 » 




KC? 


3 s + -V S(«2 t -,*) V* 


( 1 ) 


where K f 1 is the ratio of the induced velocity at the rear of 
the died to the mean induced velocity, with a linear variation 
from front to rear assumed. The value of K used was computed 
using the tangent approximation of figure 3 of reference 6. who 
resulting curve differs from the corresponding test points by 
less than 1°. It appears possible that the greater part of the 
remaining discrepancy car. be accounted for by more refined treat- 
ments of the effects of induced flow patterns. 


The coefficients a ? arid c 2 are small as shewn in figure 5(d) 
and, although the agreement is poor on a percentage basis, the 
order of magnitude and variations of coning angle with. Cp and p 
are quite satisfactory. The effects of stall are again evident 
in the test point for u = 0.25 . It should he pointed out that the 
presence of some second -harmonic feathering (see table l) 
necessarily affected the second- harmonic flapping values. -These 
higher harmonics of feathering result from play and nonlinearity 
in the blade- feathering linkage and from periodic 1-lade twisting. 
Examination of the problem leads to the opinion, however, that the 
degree of agreement shown would not be signif icentiy affected by 
application of a correction to the measured flapping for the effect 
of this feathering. The measured third harmonics and bj are 

presented in figure 5(e). No theoretical values are given since 
the equations used extended only through tho second harmonics. The 
third harmonics are seen to bo quite small. (The scale is five 
times that for a 2 and b 2 • ) 


The abrupt increase in the second and third harmonics in the 
condition of extreme stall is interesting in connection with the 
pilot's reports of severe vibration in the highly stalled condition. 


In figure 5(f) the calculated value of mean pitch angle is 
compared with the theoretical value. The coefficient Aq is seen 
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to la overset ligated by an appreciable ano’mt, which Indicates that 
the assumed lift-curre slope Is too low. Agre«ajeat 13 improved at 
higher tip- speed ratios, which again may be the result of an 
effectively decreased lift -curve elupe caused by the increasing 
regions of high angle of attack. Also, as will he shown in the 
section cf the present paper entitled "Effect of profile drag” 
part of tho disagreement arises from the optimistic profile -drag 
values assumed In tho calculations. 

C onp a ^ieon of theoretical results w i th e xperimental results 
for cl lriba and gilds a . - In view of the limited data available for 
the climb arid glide conditions and the difficulty of presenting 
a comparison of calculated and measured flapping coefficients for 
climb on a simplo plot, the coefficients for these conditions 
ar6 given along with calculated values in table IT. 

Examination of table II, together with the level -flight com- 
parison cf figure 5, shows how the degree of agreement between 
theory and experiment is affected by flight, condition. In general, 
agreement is better for glides .and poorer for climbs than for level 
flight . Theory appears to underpredict the rate of change of 
the coefficients with P/L . This discrepancy in trend is not felt 
to be large enough to impair seriously the general usefulness of 
the theory but is considered to warrant further investigation. 

Effect cf p rof la s dr ag .- In tho theoretical calculations, 
one approximation in addition to the assumptions governing the 
general theoretical equations was made. The profile drag cf the 
blades tested was assumed to be represented by the polar on 
which the performance charts of reference 3 are based. Both 
performance measurements of the actual rotor and wind-tunnel 
tests on a portion of a similar blade indicate that the profile 
drag wa3 actually much higher than that assumed. Accordingly, 
sample calculations wore mads assuming a drag polar with 30 percent 
higher pro.. ile drag to datoraine the effects of the assumed pro- 
file drag. The effects on the predicted flapping coefficients 
were very small and vhs 30 -percent increase in profile drag 
resulted in a change of less than 2 percent in the coefficients . 

The predicted value of Aq was decreased about 0.h°, however, 
which improved the agreement between calculated and measured 
values (fig. 5(f)) appreciably. 

■ 0 sne ral remark s . - In order to Illustrate more clearly the 
over- all agreement between calculated and measured flapping, the 
resultant flapping motions as calculated and as measured for a 
sample case are compared in figure 6. The maxi mm discrepancy 
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is seen to be about l| , -which is small enough to warrant the use 
of the theoretical, coning angle and flapping motion in designing 
the rotor hi! . 

The agreement "between the theoretical and measured longitudinal 
and lateral flapping angles (shown in fig. 5 to "be within 1°) is 
considered to Justify use of the theory for the solution of 
problems in which a knowledge of the orientation of the plane of 
the 0 .75 radius under different conditions is desired. For example, 
the orientation of the plane of the rotor disk must "be known in 
predictions of control required for trim and in the design of the 
rotor hub . 

Tn connection with helicopter static stability, the rates of 
change of the lateral and. longitudinal flapping angles with thrust 
coefficient and tip- speed ratio are significant. The experimental 
and theoretical trends shown in figure 5 are felt to be in suffi- 
cient agreement to indicate that the theory will prove useful in 
the study of helicopter static stability, at least for preliminary 
examination of the problems involved. In arriving at this con- 
clusion, the effect of adjusting the values of the flapping 
coefficients vo constant-power conditions was examined. 

In connection with stability studies, it should be mentioned 
that knowledge of the orientation of the plane of the 0 .75 radius 
does not strictly define the direction of the rotor resultant 
force. Available theoretical treatments and experimental results 
indicate that, in connection with the stability and control 
studies referred to, the error involved in ignoring the component 
of the resultant force in the plane of rotation is, in general, 
not significant. A full discussion Of this point is felt to be 
beyond the scope of the present paper. 


In-Plane Motion 

Measured values of blade in-plane motion for each flight 
condition are given in table III in terms of the Fourier series 
coefficients £q, E, and F, where 

(; = £q + cos f sin + E 2 cos + F 2 sin 2\|r + . . • (2) 

and where £ is the angle between the blade axis and a line 
through the axis of rotation and the drag hinge. The drag hinge 
is the vertical pin which allows the blade freedom of motion in 
the plane of the disk. 
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Periodic in - pi ano mot'* on .- Periodic In- plane motion arises 
from two sources - air forces and "mechanical forces." The term 
"mechanical forces" as used herein represents the in-plane forces 
due to the changing moment of inertia during each revolution of 
the flapping "blade with respect to its shaft. 

Fourier series coefficients obtained from harmonic analysis 
of the measured periodic in-plane motion were calculated in order 
to determine the magnitudes of the various harmonics. Since the 
"mechanical" part of th9 in-plane motion, caused "by first-harmonic 
flapping with respect to the shaft, is a function of fuselage 
center- of -gravity position and fuselage pitching moments and has 
no fundamental significance, this motion, as calculated from 
angular momentum considerations (using the treatment of reference 7), 
was subtracted from the first -harmonic coefficients in order to 
study the remaining in- plane motion caused by air forces. The 
motion due to a.ir forces was found to have a relatively small 
amplitude over the entire range of conditions tosted and to reach 
a maximum of about 1° at a tip- speed ratio of 0.25. 

The measured periodic in-plane notion has been plotted for 
a sample case in figure 7, along with the motion due to air forces 
alone . The motion due to air forces alone was determined by 
subtracting the calculated, "mechanical" contribution to the 
motion from the measured motion. It may be noted that the maximum 
air- force contributions to the periodic in-plane motion occur at 
approximately y = 170° and i|r = 350°. 

As has been pointed out, the phase end amplitude of the 
"mechanical" input depend upon the flapping motion relative to 
the shaft. For the condition shown in figure 7, the "mechanical" 
input is seen to add to the air-force input. The "mechanical" 
input may be varied by changing the combination of shaft angle 
and control position, through use of a horizontal control surface 
for example or by variation of the fuselage center-of-gravity 
position. The changes in "mechanical" input with normal fuselage 
center-of-gravity variations may result in motions of the order 
of 3° to h° which are large with respect to the air-force input. 

Since the "mechanical" input is under the designer's control, 
design center-of-gravity positions (relative to the shaft) may 
be chosen so as to offset to a large degree the motion due to 
air forces and thus blade in-plane stresces and vibrations in 
the helicopter due to damper loads may be reduced. 

Mean drag angle .- The mean drag angle in radians is given 
approximately by the expression 


Q 


0 



(3) 
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where 

Q main-rotor' shaft torque input, pound-feet 
b number of blades 

e distance from drag hinge (vertical pin) to axis of rotation, 
feet 

M blade mass, slugs 

r radial position of blade center of gravity, feet; measured 
s from drag hinge 

r^£ radial position of resultant drag force, feet; measured 
from drag hing9 

Equation (3) indicates that for a given rotor the mean drag 
angle is essentially a function of Q/fi2. Since the radial position 
of the resultant aerodynamic force r$_f is very large with respect 
to e (r^-p is on the order of 0.7E), the drag angle should be 
relatively insensitive to changes in r^. For example, when 
r^-p = 0.7B, a 130 -percent variation in in equation (3) 

produces only a ±2-percent change in £q. 

In figure 8, measured values of the ratio of the rotor- shaft 
power to the cube of the rotor rotational speed (proportional 
to Q/f2^) are plotted against measured drag angles. The test 
points represent a variety of conditions of flight including 
level flight from the speed for minimum power to top speed, climbs, 
and autorotation. It is seen that excellent correlation exists; 
the maximum scatter is about 3 percent from a mean straight line, 
which is the order of accuracy of the measurements. The linearity 
of these data suggests that the theoretical relation should be 
useful in interpreting drag angle in terme of main- rotor- shaft 
torque. A mechanical device which indicated the mean drag angle 
would provide a simple means of indicating changes in power 
absorbed by the main rotor and, if calibrated, could be used 
as a service torquemeter. If a probable representative value of 
the radial position of the resultant aerodynamic drag force is 
assumed, such a3 0.6E or 0.8R, the drag angles for the various 
power conditions can be predicted from equation (3) to within 
about l/2°. This approach thus appears to be accurate enough to 
be usefxil in designing the rotor hub. 
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Blade Distortions 

Blade twisting .- Semple measurements of "blade torsional 
deformation were made for an extreme case, a velocity of 70 miles 
per hour at which a large area of stall was encountered. Values 
for twist occurring "between two stations were obtained "by measuring 
the angle of the 0.77 -radius targets relative to the center 
chordwise strip at the 0.50 radius. (See fig. 3.) These values 
are plotted against azimuth .angle in figure Q. The measurements 
are of interest in that they isolate the twisting caused "by the 
air forces on the outer part of the "blade. The periodic twist 
is seen to "be of the order of *l/3° with about -0.1° mean twist. 
Approximate calculations indicate that in order to produce ±1/3° 
twist a center- of -pressure travel of the order of *1.5 percent of 
the chord is required and that the mean twist correspond 3 to a 
displacement of the center of pressure from the center of gravity 
of about 1/2 percent of the chord . The effect of stalling and 
the- associated diving moment on the blade twist is evidenced by 
the dip in the curve of figuro 9 between approximately 2h0° 
and 3^0° azimuth. 


The twisting-down on the advancing side (high velocities 
and low angles) together with tho twisting- up on the retreating 
side ( low velocities end high angles) suggests that the blade 
center of gravity is behind the aerodynamic center and that on 
appreciable diving-moment coefficient exists about the aero- 
dynamic center. Some diving moment would be expected on the 
blades tested due to camber caused by fabric distortion. 

Blad e bendin g.- In figure 10, blade-bonding deflection 
curves arc shown for several azimuth positions in a sample case 
(70 mph, 225 rotor rpm) . Deflections are given relative to a 
straight line through the hub and the 0.77 radius. The figure 
indicates that the tip portion of the blade i3 bent concave 
downward over the greater part of the disk, which gives an 
S-shape curve to the spar. Inasmuch as the spanwise mass distribu- 
tion for the blades tested was approximately proportional to 
the chord with no concentrated masses along the 3 pan, thi 3 
bending indicates a definite loss of lift at the blade tips . 
Corresponding observations for other flight conditions likewise 
showed this S-ohape curve. Since computations making no allowance 
for tip losses indicate appreciable concavity upward over the 
entire blade, it thus appears that tip losses must be allowed 
for in-blade bending- stress calculations in order to obtain 
reasonably accurate answers. This indication is in agreement 
with the conclusions arrived at in the theoretical examination 
of tip-loss effects given in reference 8. 
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A violent flipping-up of the outer part of the blade will be 
noted in figure 10 in the region of 270° azimuth, that is, on the 
retreating side of the disk. The nature of this motion is more 
clearly shown in the sample bending data in figure 4. The cause 
of this phenomenon is not fully understood at the present time and 
requires further investigation. There are indications that it 
may involve an instability due to rearward chor&wise center-of- 
gravity position. 


CONCLUSIONS 


On the basis of blade-motion measurements obtained on a 
helicopter in flight at tip-speed ratios ranging from 0.12 to 

0.25, the following conclusions are drawn: 

1. Comparisons of measured and calculated flapping motions 
Indicated that, for the range of level-flight conditions tested, 
the coning angle and the longitudinal and lateral flapping angles 
may be predicted within about 1°, which renders predictions quite 
useful in the design of the rotor hub and for estimations of 
required control displacements for trim. 

2. Somewhat larger deviations between predicted and measured 
flapping motion were noted in the rather limited climb conditions 
covered as compared with level— flight conditions, and further 
examination of this deviation appears desirable. 

3. The predicted rates of change of the lateral and longitudinal 
flapping angles with tip-speed ratio a.nd thrust coefficient were 
felt to be in sufficient agreement with the measured values to 
indicate that available blade-motion theory will prove useful in 

the study of helicopter static stability, at least for preliminary 
examination of the problems involved. 

b. The periodic in-plane motion caused by air forces were small, 
having an amplitude of about 1° at a tip-speed ratio of O.25. This 
far>t simplifies the design problem involved in minimizing damper 
loads . 


5. The mean drag angle was found to be proportional .to the 
rotor— shaft torque divided by the square of the rotor angular 
velocity, within about ±3 percent, over a wide range of flight 
conditions. The proportionality suggests use of the drag angle 
in devising a simple service torquemeter for the helicopter. The 
agreement between measured and predicted lag angles was considered 
adequate to warrant confidence in the predicted values in designing 
the rotor hub. 
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6. Measurements of 'ble.de distortions showed substantial downward 
bending of the outer quarter of the blade, presumably due to the 
loss of lift at the tip. It thus appears that tip losses must be 
allowed for in blade bending- stress calculations in order to obtain 
reasonably accurate answers . 


Langley Memorial Aeronautical Laboratory 

National Advisory Conn it tee for Aeronautics 
Langley Field, Va., February 20, 19^7 
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APPENDIX 


CONVERSION OF MEASURED VALUES OF 5EA2HERIHG AND 


FLAPPING WITH KESPECT TO SHAFT TO FLAPPING 
AFC'JT THE AXIS OF NO FEATHERING 


Reason for conversi on.- At the time that the "basic theoretical 
treatments, such as that of reference 1, were made, the topical 
rotor arrangements involved the use of hinges to paimit flapping 
"but no mechanism "by means of which feathering could he introduced 
with "both flapping and feathering referred to the rotor shaft. 

The desired orientation of the rotor was achieved "by tilting the 
roto" shaft . Since that time the mechanical arrangement in most 
dosigns has been altered so that the rotor attitude is controlled 
"by feathering. In other words, a controllable amount of first- 
harmonic blade-pitch change is introduced relative to the axis 
of the rotor shaft. The two systems are aerodynamic ally equal j the 
blades follow the same path relative to space axes, as regards 
both pitch angle and flapping engle, for any given flight condition 
regardless of the mechanical means used for achieving it. This 
fact may be confirmed by inspection but has also been demonstrated 
mathematically in reference 9 and again in more detail in an 
unpublished analysis. 

In practice, the present rotor systems, such as that of the 
helicopter tested, involve both flapping and feathering, and, for 
comparison with theory based on either the assumption of no 
feathering or no flapping, a conversion would be necessary. Since 
the available treatments, such as that in reference 1, assume no 
feathering, it is expedient to convert to this condition. 

The conversion involved is simply a change of reference 
axes, which can be more easily understood by reference to 
figure 11. Figure ll{a) shows a longitudinal cross-section 
of the rotor cone for a system without feathering (that is, a 
pure flapping system) and tho longitudinal tilt of tho rotor 
shaft required to orient the rotor to correspond to some 
particular flight condition. In figure 11(b) the flight con- 
dition is assumed to bo the same and hence the tilt of the 
rotor cone with respect to the flight path is the same, but 
the tilt is achieved by a combination of shaft tilt and feathering 
relative to this shaft. For clarity, the feathering is assumed 
to be achieved by a swash plate linked in such a manner that 
a 1° longitudinal tilt of the plate produces 1° of feathering in 
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the blades when the blades are in the lateral position and no 
feathering when the blades are alined longitudinally. In other 
words, the blades do not change pitch while revolving, as referred 
to the prane of the ovaah plate, i.c natter how the swash plate 
is tilted. In figure 11(a) the blades do not charge pitch as 
referred to the shaft axis while revolving. The axis of the 
swash plate in figure 11(b) is thus equivalent to the shaft axis 
in figure 11(a) insofar as periodic pitch -angle var-l-ation is 
concerned. Since the swash plato need not be rigged as assumed 
in this figure and since the true significance of its axis is that 
no feathering is introduced relative to it, this axis is termed 
the axis of no feathering, rather than the swash-plate axis. It 
corresponds to the shaft axis for an equivalent (or pure flapping) 
system incorporating no means for feathering. 

A lateral cross- section of the rotor cone, similar to figure 11, 
may be drawn which would show the relationships between flapping 
and feathering in that plane . 

Expressi ons f or conversion .- The measured flapping (relative 
to shaft) is expressed as 


P 8 = Eq - cos f - b-^ sin \J/ - cos 2ty - b 2 ^ sin 2 . . . 
The measured pitch angle (relative to shaft) is expressed as 


9„ = An " At cos \lr - Bi sin - Ao cos 2’.|r - Eo sin Sty . 

6 u s x s x g <=8 

Flapping with respect to the axis of no feathering is expressed as 


p = cos \jr - sin - a .2 cos 2\jr - bg sin 2f . . . 

Pitch angle with respect to the axis of no feathering is expressed as 
0 = Aq - Ag cos - B -2 sin 2 \| r . . 
the f irst-harmonic terms becoming 0 by definition. Then the 
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equations for transferring from the shaft axis to the axis of no 
feathering are 


a 0 = a Cc 


a l = 

h, * 


a-, + Hn 

J.g ... 




a o = 


*2 

A 0 


3 °2 £ 


A > --- A^ 


* Au, 


If the angle between the perpendicular to the rotor shaft and 
the air stream, is defined as a B , the rotor angle of attack a is 
given by 


c, = <x g - r., 
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TABLE I.- FLAPPING AND FEATHERING DATA 


Test 

run 

V 

(mph) 

Rotational 
speed of 
main rotor 

(rpm) 


c T 

P/L 

°0 8 

J-s 


% 


a 7 

\ 

A o s 

Al s 

b i b 

A ? 
^8 

B *. 

> 

UJ 

CO 

B 3 

3 S 

a f 

a 

a i 

”1 

1 

72.8 

238 

0.220 

0.00486 

O.281 

7.81 

0.99 

0.30 

0.32 

-0.08 

0.01 

-0.01 

9.03 

-3.00 

4.18 

-0.16 

-0.10 

0.10 

0.11 

-7.4 

-11 6 

5.17 

3.30 

2 

71.7 

224 

.230 

.00545 

•273 

8.67 

1.09 

.41 

.46 

-.11 

.02 

-.04 

10.10 

-3.52 

4.99 

-.20 

-.24 

.11 

.09 

-6.9 

-11.9 

6.08 

3.93 

3 

73 -0 

209 

.249 

.00631 

•255 

9.65 

1*53 

.81 

.7 6 

-.11 

.11 

.06 

11.52 

-4.01 

6.36 

-.28 

.36 

0 

.02 

-7.2 

-13.6 

7.89 

4.82 

4 

58.6 

225 

.189 

.00538 

.240 

8.30 

.64 

.68 

• 35 

-.08 

.02 

-.01 

8.17 

-2.62 

3.73 

-.20 

-.04 

.03 

.08 

-4.5 

-8.2 

4.37 

3.30 

5 

67.9 

225 

.217 

.0054? 

.250 

8.50 

•99 

.60 

.44 

-.09 

.03 

- .04 

9.21 

-2.83 

4.57 

-.14 

-.10 

.12 

.02 

-6.9 

-11.5 

5.56 

3.43 

6 

50.5 

225 

.164 

.00535 

.260 

8.18 

*32 

*56 

*29 

-.04 

.04 

-.04 

7.63 

-2.67 

3.13 

-.18 

-.02 

0 

.09 

-3.1 

-6.2 

3.45 

3.23 

7 

>1:3.7 

223 

.142 

.00540 

.264 

8.16 

.08 

.55 

.24 

0 

.04 

- .04 

7.11 

-2.69 

2.84 

- .12 

.01 

.03 

.12 

-2.2 

-5.0 

2.92 

3.24 

8 

1*3-1 

2U1 

.130 

.00460 

.313 

7.10 

.16 

.45 

.17 

-.06 

.05 

-.05 

6.28 

-2.21 

2.36 

-.19 

0 

.04 

.18 

-2.3 

-4.7 

2.52 

2.66 

9 

1*2.7 

202 

.153 

.00656 

.286 

9.81 

.12 

.65 

.32 

-.07 

.03 

-.04 

8.99 

-3-17 

4.03 

-.14 

-.04 

-.03 

.03 

-2.0 

-6.0 

4.15 

3.82 

10 

1*0.5 

226 

.128 

.00531 

.502 

8.62 

-.08 

-.08 

.28 

-.11 

.07 

-.01 

9.10 

-3.22 

3.50 

-.15 

.05 

•09 

.12 

-9.7 

-13.2 

3.42 

3.40 

11 

51.8 

223 

.166 

.00546 

.396 

9-15 

•13 

.01 

• 33 

-.10 

.05 

-.03 

9.98 

-3-55 

4.10 

-.12 

.01 

.08 

.10 

-10.1 

-14.2 

4.23 

3.56 

12 

1*2.4 

235 

.130 

.00487 

.489 

7.85 

0 

-.20 

.14 

-.07 

.04 

-.02 

8.80 

-2.82 

3.13 

-.18 

.05 

.05 

.12 

-9.5 

-12.6 

3.13 

2.62 

13 

42.3 

21k 

.141 

.00588 

.480 

9.63 

.14 

.01 

.36 

-.11 

.09 

-.04 

10.40 

-3.49 

4.26 

-.20 

-.01 

.07 

.09 

-10.5 

-14.8 

4.40 

3-50 

14 

43 .0 

221 

.140 

.00533 

-.011 

7.48 

-.66 

1.21 

.10 

-.11 

.03 

-.03 

3.29 

-1.58 

2.33 

.06 

-.03 

- .10 

-.03 

15.0 

12.7 

1.67 

2.79 

15 

37.7 

223 

.119 

.00549 

-.012 

7-55 

-.63 

1.16 

.08 

-.02 

.02 

0 

3.43 

-1.70 

1.70 

-.11 

.04 

-.11 

.03 

19.4 

17.7 

1.07 

2.86 
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TABLE IT.- COMPARISON OF CALCULATED AND MEASURED 
FLAPPING COEFFICIENTS IN GLIDES AND CLIMBS 


CO 

CO 


Test 

run 

Pate of 
climt 
(fpm) 

V 

(mph) 


C T 

?/L 

®0 

a l 

t 

i 

*2 

l 

’2 

A 

l 0 

Meas- 

ured 

Calcu- 

lated 

Meas- 

ured 

Calcu- 

lated 

Meas- 

ured 

Calcu- 

lated 

Meas- 

ured 

Calcu- 

lated 

Meas- 

ured 

Calcu- 

lated 

Meas- 

ured 

Calcu- 

lated 

10 

46 8 

1*0.5 

0.128 

0.00531 

0.502 

8.62 

8.16 

3.1*2 

2.97 

3.40 

1.1*6 

0.28 

0.11 

-0.11 

-0.05 

9.11 

10.6 

11 

525 

51.8 

.166 

.0051*6 

.396 

9.15 

8.31* 

1* .23 

3-93 

3.56 

1.87 

.33 

•19 

-.10 

-.10 

10.0 

11.0 

12 

472 

1*2.1* 

.130 

.001*87 

.1*89 

7.85 

7.1*1* 

3.13 

2.65 

2.62 

1-34 

.14 

.11 

-.07 

-.05 

8.8 

9.6 

13 

605 

1*2.3 

.11*1 

.00588 

.1*80 

9.63 

8.96 

l+.l+O 

3.1*2 

3.50 

1.76 

• 36 

.\k 

-.11 

-.07 

10.4 

11.4 

Ik 

-111*0 

1*3-0 

.11*0 

.00533 

-.011 

7.1*8 

-7-30 

1.67 

1-99 

2.79 

1.40 

.10 

.11 

-.11 

-.04 

3-3 

4.7 

15 

-1260 

37. 7 

.119 

.0051+9 

-.012 

7-55 

7.53 

1.07 

I.85 

2.86 

1.23 

.08 

.08 

-.02 

-.03 

3.4 

5.0 
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TABLE III.- IN - PLANE -MOTION DATA 


Test 

run 

^0 

E 1 

*1 

E 2 

*2 

*3 

r 3 

1 

-10 .75 

0.61 

-0 .49 

-0.08 

-0.08 

0.12 

0.02 

2 

-12.50 

.79 

-.60 

-.03 

CO 

0 
• 

1 

.11 

-.02 

3 

-14.72 

1.11 

-.88 

-.02 

-.13 

.13 

-.04 

4 

-8.83 

•72 

-.36 

-.04 

-.07 

.11 

-.02 


-10 .67 

•75 

-.49 

-.07 

-.05 

.12 

-.02 

6 

-8.18 

.64 

CO 

OJ 

1 

-.05 

-.03 

.12 

-.01 

7 

-7.45 

•57 

-.23 

-.04 

-.03 

•09 

-.02 

8 

-6.80 

.46 

-.19 

-.03 

-.04 

.13 

.02 

9 

-10.39 

•95 

-.45 

-.04 

-.04 

.10 

-.06 

10 

-12.42 

•55 

-.33 

-.05 

-.04 

.10 

-.02 

11 

-13.03 

•70 

-.41 

-.05 

m 

c 

• 

• 

•09 

-.01 

12 

-11.16 

.44 

-.28 

-.07 

-d- 

0 
• 

1 

.07 

-.01 

13 

-14.5 

.82 

-.44 

-.05 

-.05 

.07 

-.01 

14 

1 

• 

O 

\o 

.60 

.08 

0 

-.02 

.16 

.11 

15 

-.03 

•59 

•09 

-.02 

-.04 

.08 

.18 
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Radius, feet 0 .06 

Solidity ratio MCA 0012 

Airfoil section , . .9 . i£n •*; 

Moment of inertia about flapping hinge, slug-feet • 160.3 

Distance of flapping hinge from axis of rotation • • • 

Distance of drag hinge from axis of rotation, feet u * ' 
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Figure 1.- Physical characteristics of the main-rotor blades. All 

dimensions are in inches. 
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Figure 2.- Camera installation on helicopter rotor hub. 
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(a) * = 70°. (b) * = 310°. 

Figure 3.- Typical blade photographs taken in flight. 
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Fig. 4 
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Figure 4.- Sample data obtained from measurements of blade 
photographs, n = 0.23; Crp = 0.0055. 
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Figure 5.- Comparison of calculated and measured flapping 
coefficients and pitch angles in level flight, y = 12.1. 
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Fig. 
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Figuie 5.- Concluded 
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Figure 6.- Experimental and calculated blade -flapping motion 

for \i = 0.23. 
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Figure 7. - Periodic portion of in -plane blade motion measured in 
flight as compared with in-plane motion due to air forces alone, 
u = 0.23; C T = 0.0055. 
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Fig. 8 
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Figure 8.- Measured variation of mean drag angle with ratio of 
rotor -shaft power to cube of rotor rotational speed for a 
variety of conditions of flight. 
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Figure 9.- Blade twist between 0.50 radius and 0.75 radius as 

measured in flight for a stalled condition, n = 0.25; Cij, = 0.0063. 
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Fig. 10 
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Figure 10.- Blade bending as measured in flight, ii = 0.23; C T = 0.0055. 
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Fig. 11 



(a) Pure flapping system. 



Figure 11.- Longitudinal cross sections of the rotor cone, showing 
the equivalence of a system involving both flapping and feathering 
(referred to the shaft axis) to a (pure) flapping system (referred 
to the axis of no feathering). 









